A heterogeneous RNA fraction with properties resembling those of messenger RNA was identified in mammalian mitochondria. Synthesis of contaminating RNA of nuclear origin was suppressed by treatment with camptothecin. Labeling of the messenger-like RNA is completely inhibited by ethidium bromide, a specific inhibitor of mitochondrial functions.
Mitochondria of eukaryotic cells have a distinct system of protein synthesis that is quite dissimilar from that found in the cellular cytoplasm. The ribosome-like structure of mitochondria is relatively small (60 S) (1) (2) (3) (4) . Mitochondrial protein synthesis is sensitive to chloramphenicol, an inhibitor of prokaryotic ribosomal function, and insensitive to cycloheximide, an inhibitor of eukaryotic protein synthesis. NFormyl-methionine has been found in mitochondria and is presumed to initiate polypeptide synthesis as in bacteria (5, 6) .
These properties of mitochondrial protein synthesis suggested a similarity to prokaryotic rather than eukaryotic mechanisms, and there has been speculation about a possible origin of mitochondria in a primordial prokaryotic symbiont.
In this report, we describe an RNA species synthesized in mitochondria with properties that suggest it serves as messenger RNA for mitochondrial protein synthesis. Surprisingly, this RNA contains polyadenylate segments, which have, so far, been found only in the messenger RNA of eukaryotic cells (7) (8) (9) (10) (11) . The poly(A) segments are relatively homogeneous in size, with an electrophoretic mobility of about 4 S. This finding suggests that mitochondrial poly(A) is about 50-80 nucleotides in length and thus resembles the poly (A) found in some mammalian viral RNAs.
MATERIALS AND METHODS
Cell Culture. HeLa cells were grown in suspension culture in Eagle's medium (12) at an approximate density of 4 Analysis of Total Mitochondrial RNA. Cellular extracts were prepared and analyzed as described (13) . Briefly, cells were washed and then suspended in 1 ml of RSB buffer [10 mM NaCl-1.5 mM MgCl2-10 mM Tris* HCO (pH 7.4)] before they were broken in a Dounce homogenizer. Nuclei were removed by centrifugation at 800 X g for 2 min. The supernatant was again centrifuged at 7700 X g for 8 min. This pellet (mitochondrial fraction) was resuspended in sodium dodecyl sulfate (SDS) buffer and extracted by the hot phenol-SDS method (14) . The RNA was analyzed by electrophoresis on 2.7% acrylamide gels for 3.5 hr at 7.5 V/cm. Gels were fractionated as described (15 figure   legends ). Gradients were fractionated, and the 25-180S region was pooled. This procedure was determined in preliminary experiments to reduce to a negligible level contamination of the mitochondrial poly(A)-containing RNA fraction by the small residuum of poly(A)-containing RNA of apparent nuclear origin. RNA from the gradient was extracted as above. RNA containing poly(A) sequences was separated from total RNA by binding to glass-fiber filters onto which poly(U) was immobilized (16) . By this method of selection, 75-90% of the mitochondrial RNA containing poly(A) by direct measurement (see below) bound to filters. The bound material was eluted from the poly(U) filter at 550 in 10 mM Tris-HCl-0.2% SDS (pH 7.4). The eluant and unbound material (wash) were analyzed by acrylamide gel electrophoresis.
We used nuclease digestion to analyze the poly(A) segment directly. Adenosine-labeled mitochondrial RNA was treated
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Abbreviations: SDS, sodium dodecyl sulfate; MSB(buffer), 100 mM NaCl-10 mM MgCl2-10 mM Tris-HCl, pH 7.4. with DNase (20 ug/ml) for 1 min in MSB at 370 (see above). 1.5 M NaCl-O.15 M Na citrate) was added to make an incubation mixture 0.30 M NaCi-0.030 M Na citrate, and the RNA was then digested with T1 ribonuclease (50 units/ml) and pancreatic ribonuclease (20 jig/ml) for 30 min at 370.
After incubation, diethyl oxydiformate (10 Ml/ml) was added to stop the reaction, and the RNA was prepared for analysis on 10% acrylamide gels.
RESULTS
Labeled RNA from the mitochondrial fraction of HeLa cells is shown in the electropherogram in Fig. 1A . A low amount of actinomycin D was used to suppress ribosomal RNA labeling (13, 17, 18) . The distinctive 12S and 21S mitochondrial RNA (as determined by electrophoretic mobility) have been described (19, 20) . The crude mitochondrial fraction, as prepared here, contains about 30% of the HeLa cell's ribosomes and polyribosomes bound to endoplasmic reticulum (M. Rosbash and S. Perlman, unpublished observation). Although ribosomal RNA synthesis has been suppressed, polyribosome-associated RNA of high molecular weight from the nucleus migrates in a broad distribution greater than 21 S on the gel electropherogram. This RNA is primarily cytoplasmic messenger RNA (21) . After treatment with ethidium bromide, synthesis of mitochondria-associated RNA is inhibited, but synthesis of heterogeneous nuclear-derived RNA is not (Fig. 1) . Ethidium bromide is specific for mitochondrial RNA under these conditions (22) . The molecular weight nuclear RNA but allows synthesis of mitochondrial RNA (23) (24) (25) . Treatment with camptothecin suppresses appearance of nuclear RNA in the mitochondrial fraction (Fig. 1B) . RNA labeled in the presence of camptothecin is of mitochondrial origin, since its labeling is almost completely inhibited by ethidium bromide. The mitochondrial location of this RNA was further substantiated by its quantitative association with the mitochondrial fraction and its inaccessibility to pancreatic RNase until membranes were solubilized. In addition to the discrete RNA species (12 S and 21 S), ethidium bromide-sensitive RNA is found that migrates heterogeneously, with electrophoretic mobilities corresponding to approximate sedimentation values of 10-45 S. The relationship between this RNA and the RNA containing poly(A) sequences will now be described. A convenient method for separating poly(A)-containing RNA has been described by Sheldon et al. (16) . Glass-fiber filters in which poly(U) has been immobilized bind poly(A)-containing RNA selectively.
The acrylamide gel electropherograms of mitochondrial RNA containing poly(A) are shown in Fig. 2 . For comparison, the material that does not bind is also shown. The binding procedure is apparently selective. About 75-90% of the mitochondrial RNA that contains poly(A) is bound by this technique. The 12S and 21S RNAs do not bind to the filters. The material that does bind migrates heterogeneously, with equivalent electrophoretic mobilities ranging from about 15-30 S. This RNA migrates in acrylamide gels similarly to cytoplasmic messenger RNA (19) . The effect of ethidium bromide on labeling of the poly(A)-containing RNA synthesized in the presence of camptothecin is shown in the same figure. Synthesis of the vast majority of this RNA is inhibited by ethidium bromide, suggesting its mitochondrial origin.
The poly(A) sequence associated with cytoplasmic messenger RNA consists of about 200 adenylate residues (7-10).
When the mitochondria-associated material that has been bound to the poly(U) filter is eluted, digested with pancreatic amide gel electrophoresis, the results are as shown in Fig. 3 . The nuclease-resisftnt mitochondrial RNA has an electro phoretic mobility corresponding to 4S RNA, suggesting that its length is about 50-80 bases. For comparison, cytoplasmic messenger RNA labeled with ['4C]adenine was added to the mitochondrial fraction before digestion with RNase. The poly(A) sequence from cytoplasmic messenger RNA migrates in a broad distribution with a peak at about 7 S (Fig. 3) . Mitochondrial poly(A) does not contain a significant amount of uridine, since after RNase digestion no mitochondrial RNA labeled with uridine coelectrophoreses with the adenosine-labeled RNase-resistant segment of RNA. Similar results are obtained when cytidine or guanosine is used as radioactive precursor (S. Perlman, unpublished result).
The apparent association of mitochondrial poly(A)-contaiming RNA with the mitochondrial ribosome-like structure that synthesizes proteins is shown in Fig. 4 . The sedimentation characteristics of the mitochondrial protein-synthesizing structures have been described (3) . The cells are labeled with radioactive methionine under conditions in which cytoplasmic protein synthesis is inhibited and only mitochondrial protein synthesis occurs (26) . The mitochondrial fraction is analyzed by sucrose velocity sedimentation after lysis of the mitochondrial membranes (Fig. 4A) .
Sedimentation of mitochondrial RNA-containing ribonucleoprotein particles in a sucrose gradient is shown in Fig.  4A . The bulk of labeled mitochondrial RNA does not sediment with the protein-synthesizing structure, as previously reported. However, the distribution of poly(A)-containing Fig. 1 . Mitochondrial RNA was labeled for 2 hr with [IH]uridine (10 ,Ci/ml) in the presence of camptothecin (20 ,ug/mi). The cells were suspended in methionine-free medium in the presence of emetine (80 ,g/ml) and labeled with 50 MCi [3*S]methionine as described (28) . Mitochondria were prepared and analyzed by centrifugation for 3 hr through 15-30% MSB at 40,000 rpm in an SW40 rotor. The 74S monoribosomal marker was determined from the absorbance at 260 nm. O-O, Protein. (B, C) 400 ml of cells were concentrated as in Fig. 1 . Mitochondrial RNA was labeled in the presence of camptothecin (20 ,ug/mi) for 2.5 hr with [3H]uridine (15 MCi/ml). Half of the cells were treated with emetine (20 ,ug/ml) for 1 min and then exposed to puromycin (200 M&g/ml) for 5 min. Mitochondria were prepared and analyzed by centrifugation for 3 hr at 40,000 rpm in an SW40 rotor. The gradient was fractionated, and each two adjacent fractions were pooled. RNA was extracted and each sample was divided in two. One half was immediately assayed for trichloroacetic acid-precipitable activity, while the other half was bound to poly(U) filters. All samples were then assayed directly for radioactivity. O-O, Control 0 0, puromycin.
RNA is significantly different (Fig. 4B) Fig. 4 suggest that the poly(A) sequences are attached to messenger RNA of mitochondrial origin. This RNA is released from the mitochondrial protein-synthesizing structure by treatment with puromycin.
One possible function for nuclear poly(A) is involvement in transport of messenger RNA into the cytoplasm. Mitochondrial poly(A) is not involved in a similar type of transport, since the mitochondrial messenger-like RNA is both synthesized and used within the mitochondria (S. Perlman, unpublished observation). The size of mitochondrial poly(A) is the same as that of poliovirus (30, 31) . Poliovirus RNA, like mitochondrial RNA, is not transported to polyribosomes from its site of synthesis. The observations suggest a role for poly-(A), perhaps satisfied by a smaller segment, separate from any transport function.
It has been suggested that mitochondria are derived from primordial prokaryotes. Poly(A), which has not yet been found in prokaryotic cells (32) , is attached to a fraction of messenger-like mitochondrial RNA. This finding represents a major dissimilarity between mitochondrial and bacterial macromolecular synthesizing systems.
